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ABSTRACT 
The sensory nerve ending in the Padnian corpuscle  is surrounded by a  non-nerv- 
ous capsular structure which occupies  about 99.9  per cent of the  corpuscle's entire 
mass.  After extirpation of practically all  of  the  non-nervous  structure,  the  sense 
organ's  remains  continue  to  function  as  a  mechano-receptor, namely  to  produce 
generator and all-or-nothing potentials in response to mech~uical  stimuli. Compres- 
sion of the first intracorpuscular node of Ranvier abolishes  the production of "all. 
or-nothing"  potentials  in  the  corpuscle.  Graded  generator  potentials  constitute 
then the only response to mechanical stimulation. This reveals that  the first node 
is the site of origin of the all-or-nothing potential and that the non-myelinated end- 
hag  is  incapable  of  producing  all-or-nothing  responses  in  response  to  mechanical 
stimulation.  Compression of the entire length of non-myelinated ending suppresses 
the production of generator potentials. Partial compression of the ending abolishes 
mechano-responsiveness  only  of  the  compressed part.  The  intact  remains  of  the 
ending  continue  to  give  generator  potentials  upon  mechanical  stimulation.  This 
suggests  that the generator potential arises at functionally independent membrane 
parts distributed  all  over the  non-myelinated nerve ending.  24  to  36  hours after 
denervation of the corpuscle  by transection of its sensory axon, no sign  of electric 
activity  is  detected.  Failure  of  mechano-reception  at  the  nerve  ending  precedes 
that of conduction at the degenerating myelinated axon. 
INTRODUCTION 
In a large number of receptors such as the Grandry, Meissner, Golgi-Mazzoni, 
Herbst, and Pacini corpuscles, a  well organized adventitious structure (hence- 
forth called end organ) surrounds  the sensory nerve ending.  The mass of the 
end organ is by far greater than that of the nervous tissue of the sense organ. 
The question of what is the end organ's function goes back to the early days of 
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sensory physiology. Many kinds of functions have been attributed to the ad- 
ventitious structure. Among other things, it has been regarded as an amplifier 
of stimuli, as a supporting and protecting element of the nerve ending, and often 
as being responsible for receptor ~specificity.' The main points at issue may be 
summarized by the following question: does the end organ play an active part 
in reception, namely in the chain of events which transduce stimuli into nerve 
impulses, or is its action merely a passive one? This question has here been asked 
for the case of the Pacinian corpuscle. The end organ of this mechano-receptor 
is extraordinarily large. Its volume is of the order of 0.0001  cc. in an average 
corpuscle. It is therefore possible to dissect away parts or almost all of the end 
organ, while at the same time the mechano-responsiveness of the corpuscle's 
remains is tested. It will be shown that the corpuscle can dispense with practi- 
cally all of its end organ, i.e. with more than 99.9 per cent of its total structure, 
without losing its characteristics as a mechano-receptor. 
Little is known about the mechanisms by which mechanical stimuli are con- 
verted into nerve impulses at receptors. But in recent years it has become clear 
that two kinds of electrical signals accompany mechano-electric conversion: a 
graded depolarizing (generator) potential and an all-or-nothing (regenerative) 
potential. This has been shown in four different mechano-receptors, such as the 
frog muscle  spindle  (Katz,  1930),  the  Pacinian  corpuscle  of cats  (~dvarez- 
Buylla and de Arellano, 1933;  Gray and Sato,  1953),  and the fast and slow 
stretch receptor nerve cells of crustacea (Kufl~er, 1954; Eyzaguirre and Kuffler, 
1955).  In the Pacinian corpuscle the generator potential follows with a  brief 
and  apparently fixed latency after  the  deformation of  the  sense  organ,  its 
magnitude being a function of the deformation. As in other excitable structures, 
so here the transition from the generator to the regenerative potential occurs 
abruptly when the former reaches  rapidly a  certain critical height  (Loewen- 
stein and Altamirano-Orrego, 1958 b). 
This paper presents a study of the sites of origin of the generator and regener- 
ative potential in the Pacinian corpuscle. In several excitable tissues the genera- 
tor potential appears to arise at membrane sites whose properties are different 
from those at which the regenerative potential is produced.  (See  Grundfest, 
1957 b, for a review.) An example of particular relevance to the present work is 
that of the crustacean stretch receptor nerve ceil; the dendrites of this receptor 
cell produce generator potentials, but there is no evidence for production of 
regenerative potentials in them (Eyzaguirre and Kuflter, 1955). There are good 
reasons why a separation in origin of the generator and regenerative potentials 
may  also  exist  in  Pacinian  corpuscles  (Diamond,  Gray,  and  Sato,  1956; 
Loewenstein, 1958).  The Pacinian corpuscle offers a  special advantage for a 
study of the sites of origin of its electrical activity: the intracorpuscular nerve 
fibre and,  specially, its non-myelinated ending are  fairly long and straight; 
both can be observed in  viva with considerable detail under a phase contrast W.  R.  LOIBWENSTEIN  AND  R.  RATHKAMP  1247 
microscope. Approximately two-fifths of  the  afferent nerve fibre inside  the 
corpuscle is covered with myelin, one node of Ranvier being usually intracor- 
puscular  (Quilliam  and  Sato,  1955);  the remaining  terminal  portion has  no 
visible myelin (see Fig.  1). The greatest advantage of the preparation lies in 
the accessibility of the nerve fibre and ending for compression. This allowed us 
to block the electric activity, in  response to mechanical stimuli,  of selected 
myelinated or non-myelinated portions of the intracorpuscular axon by applying 
pressure  onto  them.  It will  be shown by this  procedure that  the  generator 
and regenerative potentials of the Pacinian corpuscle arise at well defined and 
clearly separated areas; i.e., at respectively the non-myelinated terminal and 
the first intracorpuscular node of Ranvier. Evidence will also be given indicating 
that the membrane sites which produce the generator potential are scattered 
as functionally independent units all over the non-myelinated nerve ending. 
Preliminary reports of the present experiments appeared elsewhere (Loewen- 
stein and Rathkamp, 1957, 1958). 
Metkods 
Paciniau corpuscles  of the cat's mesentery were isolated  together with a  length 
of sensory axon. They were set up in a bath containing an oxygenated Krebs's solu- 
tion  covered with  mineral  oil  (Fig.  1).  Mechanical  stimulation  was  provided by 
the deflection  of an electrically  driven piezoelectric  crystal. A glass stylus (S)  at- 
tached to the crystal transmitted the deflections  to  the corpusde. Brief pulse-like 
deflections of 1 msec. duration,  and continuously variable between 0 and 45 tt, were 
available for stimulation.  The electric activity of the receptor was  led off with a 
fluid electrode at the point of axon  emergence from the corpuscle, and a platinum 
electrode (El). Under these conditions  a  local potential produced at the non-mye- 
linated nerve ending,  namely a  generator potential, has to spread over an average 
distance of 450 tt of intracorpuscular myelinated  axon before reaching  the record- 
ing electrode.  A detailed description  of the set-up,  and general  procedures of dis- 
section,  stimulation, and recording  have  been given in a  previous paper  (Loewen- 
stein and Altamirano-Orrego,  1958 b). 
In the experiments  in which parts of the corpusde were removed,  it was neces: 
sary to visualize structural details such as peripheral and core zones of the capsule, 
myelinated and non-myelinated nerve portions, and intracorpuscular nodes of Ran- 
vier. The greatest clarity of observation was  obtained when a  phase contrast mi- 
croscope  was  used.  For some  experiments,  darkfield  and polarized light combina, 
tions  also  proved  satisfactory.  This  had  the  advantage  over  the  phase  contrast 
method in that a  stereomieroscope could be used. 
For the dissection  of the capsule,  a  thin peripheral layer of the capsule  was slit 
in the direction of the corpusde's longitudinal  axis.  A hull containing a  few outer 
lamellae could then be stripped off the corpuscle and be pulled away along the axon 
without  strangulating  the  latter.  By repeating  this  procedure several  times,  the 
structure of the peripheral zone could  be removed leaving the inner  core  exposed. 
(See Fig.  2.)  The initial  stages  of dissection  were done by hand with fine steel  in- 
struments. During the final stages  of dissection  of the peripkeral zone and specially 1248  MECHANO-RF_~EPTIVE  STRUCTURES 
of the inner  core the dissecting instruments  were driven  by a  pair of micromaaip- 
ulators. 
Compression  and  division  of  the  intracorpuscular  nerve  fibre  were  done  with 
fine interchangeable steel hooks (H) of various shapes and sizes which were mounted 
on a  micromanipulator.  The nerve ending could be compressed successfully in cor- 
puscles  whose peripheral  zone had  been  removed,  as  well  as  in  intact  corpusdes, 
by advancing the  hook  towards  the  ending across  the  surrounding  tissue.  In the 
experiments  in  which  the  first  intracorpuscular  node  of Ranvier  was  compressed, 
greatest  clarity  of observation  was  desired.  The  capsular  structure  was  therefore 
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FzG. I. Diagram  of set-up.  C, corpuscle;  T, non-myelinated  nerve ending; and 
I, first  node of Ranvier of sensory axon (At).  Myelin drawn in heavy black; only 
the  first  two  nodes are  shown. S,  glass  stylus  which  transmits  deflections  of  the  crystal 
to  the  corpuscle.  H, steel  hook for  compression of  ending or  node.  P, lucite  base. 
always removed until  the inner  core became exposed.  Hereby most of the  myelin- 
ated parts of the axon, including the first node which ordinarily lies  inside the cor- 
puscle,  also  became  exposed.  Even  under  these  conditions  only a  few  corpuscles 
were found in which the first node of Ranvier could be seen in vivo with phase con- 
trast or darkfield  illumination.  In those cases in which we were reasonably certain 
to have localized the node, controls were made by marking the zone of compression 
with Fe ions from the hook. For this purpose the hook was left in the position of 
compression and was connected to the positive end of a  direct current source. The 
arrangement allowed a  given pre-set current  to flow through the preparation  inde- 
pendently of the latter's  resistance.  This was important, since for successfnl mark- 
ing the quantity of electricity proved to be rather  critical.  Currents of 100  to 500 
~aamps circulating  for 5  sec.  were  employed. The preparation  was  then fixed  and 
stained  in osmic acid or paracarmine,  and  a  potassium  ferrocyanide solution.  The W.  R.  LOEWENSTEIN AND  R.  RATHKAMP  1249 
latter  reacts  with  the  Fe  deposit of  the  preparation so  that  the  marked  zone  be- 
comes distinguished in  blue  (Fig. 6). 
Degeneration of  the  sensory axons  of  mesenteric corpuscles was  induced  by bi- 
lateral removal  of  the  celiac, superior,  and  inferior mesenteric ganglia of  the  ani- 
mal. The cats were usually injected with cortisone before and after the intervention 
in order to reduce shock. At various periods, varying from  3  to  72  hours after de- 
FIG. 2.  Schematic representation of  a  transverse section  through  the  central re- 
gion of an  adult corpuscle (drawn according to  electron micrograph data of Pease 
and Quilliam, 1957).  N, non-myelinated nerve ending. C, inner  core and  P,  periph- 
eral  zone  of  the  capsule.  B,  cell  bodies  of  presumably  mother  cells  of  lamel- 
lae.  (Thickness of inner core has been exaggerated.) 
nervation,  the  abdominal  wound  was  reopened  and  a  few  corpuscles  were  taken 
out of the mesentery. This procedure was repeated several times so  that  the same 
cat usually provided corpuscles at various stages of nerve degeneration. The isola- 
tion,  setting-up,  and  stimulation of  the  receptors were  done  as in  the  normal cor- 
puscle. 
RESULTS 
A.  Mechano-Reception  after Excision  of Capsular Structure 
Removal  of  the  Peripheral  Zone.--Fig.  2  represents  a  transverse  section 
across a  Pacinian corpuscle of an adult cat. It shows the non-myelinated nerve 1250  MECHANO-RECEPTIVE  STRUCTURES 
FIG. 3. Mechano-responsiveness after removal of peripheral zone of capsule. Phase 
contrast photomicrographs of  three  stages  of  dissection of  a  living unstained  cor- 
puscle,  a,  corpuscle intact,  b,  c,  the  same  corpuscle after  elimination of peripheral 
capsular zone. In c only the inner core remained intact. The corresponding response 
patterns are shown below each stage of dissection. Two successive mechanical stim- 
uli  have  been  applied.  The  first produces  an  all-or-nothing potential;  the  second 
(subthreshold)  causes  solely a  generator potential.  Note  that  the  mechano-respon- 
siveness of the preparation remains unimpaired in spite of the removal in c of more 
than  99  per cent of the  sense organ's structure.  Calibration,  1 msec.;  25  #v. 
ending  and  its capsular surroundings.  The  latter are comprised of two  struc- 
turally different parts: the peripheral  zone  and  the inner core  of  the capsule. 
The peripheral zone, which occupies by far most of the sense organ's structure, 
is made  up  mainly of relatively loosely packed  concentric  lamellae arranged 
in  a  circular fashion.  It  had an  average  transverse  diameter  of 650  #  in  the W.  R.  LOEW~ENSTEIN  ANR  R.  RATHKAMP  1251 
corpuscles we selected for the present experiments. The inner  core which en- 
closes  the non-myelinated nerve ending consists of more compact concentric 
lamellae, arranged bilaterally (cf. Pease and Quilliam, 1957).  It has an average 
diameter  of  25  /z;  the  entire  core  structure  plus  the  non-myelinated  nerve 
ending  amounts  to  ca.  0.01  per  cent  of  the  corpuscle's mass.  In  the  living 
corpuscle, the outlines of the inner  core can be readily distinguished from the 
surrounding  peripheral  zone  by transillumination or by epiillumination under 
a stereomicroscope. 
When the lamellae layers of the  peripheral  zone are progressively removed by 
dissection, the corpuscle's ability to generate impulses in response to mechanical 
stimuli remains unimpaired (Fig. 3). The peripheral  zone of the capsule can be 
completely eliminated leaving the inner core exposed. The resulting preparation, 
consisting of the nerve ending surrounded only by the thin inner core,  is found 
to produce generator and propagated potentials upon mechanical stimulation. 
It is clear that the peripheral zone; i.e., about 99.99 per cent of the sense organ's 
structure is not required for mechano-reception. 
Partial Destruction  of the Inner Core.--Furthermore  mechano-reception also 
does not require  the  intactness  of  the  inner  core.  The core structure can  be 
punctured  all over with  a  needle,  or multiple incisions  can be made  into  it, 
without  the  preparation  losing  its  characteristics  as  a  mechano-receptor, 
provided the  nerve ending  is  not  injured.  We  were unable  to  free the  non- 
myelinated ending completely by stripping all of the core structure away; core 
and nerve seem to be intimately connected. But small pieces of core tissue could 
be excised, while the responsiveness of the preparation was being tested. The 
preparation continued in the same way to give generator and  propagated po- 
tentials in response to mechanical stimuli (Fig. 4). 
B.  Mechano-Reception  after Nerve Degeneration 
Deformation  of  the  corpuscle  produces  graded  generator  potentials.  The 
latter's magnitude is a function of the deformation. If the generator potential 
attains  a  certain  critical  height,  it  sets  up  a  regenerative potential,  which, 
under certain conditions, may propagate along the afferent axon. The chain of 
events which transduce mechanical  stimuli into  nerve impulses  may be con- 
veniently summarized by the following scheme: 
1  2  3  4 
Deformation ~  generator potential --~ regenerative potential --~ propagated 
regenerative 
potential 
By far the greatest part of the end organ's structure was found not to partake 
actively in any of the steps shown above. The site of origin of the generator 
potential in receptors of the axon-ending type has generally been thought to 1252  MECHANO-RECEPTIVE  STRUCTURES 
be at the membrane of the non-myelinated nerve ending.  This idea has a  good 
morphological  basis,  but  physiological  proof  for  it  has  heretofore  not  been 
given. In the case of the Pacinian  corpuscle,  the evidence points  to the nerve 
ending as the site of the generator potential  (Diamond,  Gray, and Sato,  1956; 
Loewenstein, 1958). The evidence is, however, indirect and the possibility of an 
/$ 
J| 
a  b 
/ 
Fio.  4.  Mechano-responsiveness  after  partial  destruction  of inner  core  structure. 
A  preparation  consisting of nerve  fiber and  inner  core,  such  as  shown  in  Fig.  3 c, 
is  stimulated  mechanically  eliciting  an  all-or-nothing response  on  top of a  distinct 
generator potential;  a,  before; b,  after resection  of multiple  fragments of inner core 
structure.  Arrow on  electric  records  signals  moment of stimulus  application.  Cali- 
bration,  1 msec. 
external  source of generator potential  located,  for example,  in  the  inner  core 
structure cannot altogether be dismissed.  The present finding that integrity of 
the core is not required for impulse generation provides alone no sufficient argu- 
ment for rejecting the core as a possible source; as will be shown further on, the 
corpuscle also remains mechano-receptive after partial  destruction  of the non- 
myelinated nerve ending. Furthermore  there is a possibility of an intermediate 
process between link 1 and link 2 of the transducer chain; such an intermediate 
process may involve the core tissue.  We hoped that a  study of the behavior of 
denervated  corpuscles would throw some light  on this  question.  We aimed  to W.  R.  LOEWENSTEIN  AND  R.  RATHKAMP  1253 
find out whether a graded potential could be detected after Wallerian degenera- 
tion of the sensory axon of the corpuscle. After 36 hours of nerve degeneration 
no  corpuscle  gave sign  of  electric  activity when mechanically  stimulated.  In 
these experiments the mesenteric nerve supply was interrupted in sit**, by bi- 
lateral extirpation of the celiac, superior, and inferior ir,  esenteric ganglia.  Cor- 
puscles were taken out  of the  animals at periods varying from 3  to  72  hours 
after  nerve  transection,  and  set  up  for  recording  of  electrical  responses  to 
mechanical  stimulation.  Failure  of  mechano-reception,  as  revealed  by  total 
absence of generator potentials, was found to set in 24 to 36 hours after nerve 
transection. This may be compared to the time which elapses between severing 
of motor axon and onset of failure of transmission at the neuromuscular junc- 
tion of twitch skeletal musculature. A few corpuscles were denervated by cutting 
their nerve supply close to its entry into the corpuscle. Care was taken to avoid 
cutting  the  arteriole  which  usually  runs  along the  nerve and  enters  together 
with it into the corpuscle.  Circulation controls were made by injecting a vital 
dye  (dibromocresol  sulfonphthalein)  into  the  corresponding  artery.  The cor- 
puscles with intact circulation  thus  became rapidly stained.  The results were 
essentially  similar  to  those obtained by extirpation  of  the  ganglia.  It would 
appear, therefore, that the generator potential is produced in nervous structure, 
and not in other tissues of the corpuscles. 
Dissociation  of Mechano-Reception  and  Conduction.--It  seemed  of  interest 
to find out whether  the processes responsible for production of generator po- 
tentials,  and  those responsible  for  conduction  of  all-or-nothing  potentials  in 
the myelinated axon may become dissociated  during  Wallerian  degeneration. 
For  this purpose corpuscles were selected in which irresponsiveness to mechan- 
ical  stimuli  was  found  after  transection  of  the  mesenteric  nerve  supply. 
Their  nerves  were  freed  over  a  length  of  ca.  30  mm.,  and  two  electrodes 
placed  near  the  central  end  of  the  nerve  for  antidromic  stimulation.  The 
recording  conditions  were  unchanged.  In  some  cases  conduction  of antidro- 
mic  nerve impulses  was  clearly  found  in  degenerating  nerve  fibres  belong- 
ing  to  corpuscles  which  had  already  failed  to  respond  to  mechanical stimu- 
lation.  This  result points  to  a  chronological  dissociation between  conduction 
and reception in the  sense organ; failure of reception precedes failure of con- 
duction.  This is the second time we are reminded of the neuromuscular junc- 
tion where failure of neuromuscular transmission occurs before failure of trans- 
mission of the degenerating motor axon. A similar observation has been made 
by Luco and Davidovich (personal communication) in muscle spindle receptors. 
C.  Electric  Activity  after  Compression  of Intracorpuscular  Nerve Structure 
It is well known  that  conduction  can  be blocked by compressing the  cor- 
responding nerve fibre. The effect is reversible if light pressures are employed. 
We applied blocking pressures to selected parts of the intracorpuscular  nerve 1254  MECHANO~RECEPTIVE  STRUCTURES 
fibre in  order  to  localize  the  site of origin  of  the  generator  and  regenerative 
potentials in Pacinian corpuscles. On  the basis of previous work (Loewenstein 
and Altamirano-Orrego, 1958  a, b; Loewenstein,  1958)  in which  the generator 
was separated from the regenerative component during the refractory state of 
the latter, and in view of the results of Diamond, Gray, and  Sato (1956),  who 
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FIG. 5.  Abolition  of all-or-nothing  responses  upon  compression  of  the first node 
of Ranvier.  a,  two  successive  mechanical  stimuli  are applied  to  the  corpuscle  pro- 
ducing  two  all-or-nothing potentials.  The  lower  beam  signals  the  relative  magni- 
tude  of mechanical  stimuli.  The first potential  is propagated.  The second  falls  on 
the former's refractory trail and  is therefore smaller.  As it falls  short of the safety 
margin for saltatory  transmission,  it  is  blocked  within  the  corpuscle,  b,  the  same 
stimuli  as  before  are  again  applied,  while  the  first  intracorpuscular  node  is  being 
compressed,  eliciting  now only two generator potentials.  The horizontal  line  across 
the node in  the diagram indicates  compression,  c,  response  pattern  after release  of 
pressure from node.  Calibration,  1 msec; 25 #v. 
separated  both  components  by  anodal  polarization  of  the  intracorpuscular 
nerve  fibre,  we  expected  blockage  of  regenerative  potentials  to  occur upon 
compression of the first node of Ranvier. 
Compression of the First Node of Ranvier.--Fig. 5 a shows the response pattern 
of a  corpuscle resulting from two successively applied mechanical stimuli. The 
corpuscle has been stripped of most of its capsular tissue in order to expose the 
first node of Ranvier, thus allowing its direct visualization. Normally this node 
lies within the intact corpuscle (Quilliam and Sato, 1955).  The stripping did not 
introduce any fundamental  change in the responses, as compared with the re- W.  R.  LOEWENSTEIN  AND  R.  RATHKAMP  1255 
sponses when the capsule was still intact. The pattern consists of two regenera- 
tive potentials:  the first propagates along the  sensory extracorpuscular axon; 
the second, falling on the refractory trail of the first, is smaller, and dies inside 
FIG. 6. Photomicrograph of the area of compression  of the first (intracorpuscular) 
node of Ranvier.  The zone  of compression  of the  corpuscle  of  Fig.  5  was  marked 
by Fe  ions  of the  hook used  for compression.  See Methods  for descriptive details. 
The non-myelinated nerve terminal begins  at  T;  it extends  at  this point into  the 
inner  core of which  only a  fraction is shown.  The second  node lies  outside  the cor- 
puscle. 
the corpuscle. The second potential although not propagated is nevertheless an 
all-or-nothing response which aborts inside  the corpuscle,  presumably because 
it falls short of the safety margin for  saltatory transmission which has become 
much reduced during refractoriness (Loewenstein, 1958). When the region of the 
first node is compressed, all sign  of regenerative activity disappears. The two 1256  MECHANO-RECEPTIVE  STRUCTURES 
all-or-nothing potentials  of  Fig.  5  a  are  blocked  and  two  graded  potentials 
constitute the only response  to mechanical stimulation (Fig. 5  b).  These po- 
tentials may be safely regarded as generator potentials, since they show all the 
characteristics of such: their amplitude and rate  of rise increase in a  graded 
manner with increasing stimulus strength; they have a fixed latency, unrelated 
to stimulus strength; and they show a "size" and "time factor" of refractoriness 
(Loewenstein and Altamirano-Orrego, 1958 b). After releasing the pressure from 
the node the all-or-nothing potentials usually appear again, provided low pres- 
sures are employed (Fig. 5 c). 
Compression  of  the  second  node  which  commonly lies  outside  the  intact 
corpuscle, or, in general, that of any nerve portion located centrally with re- 
spect to the first node, does not lead to abolition of regenerative potentials with 
the present method for recording (see Methods). 
These results reveal that the first regenerative potential is set up at the first 
intracorpuscular node of Ranvier. 
An  interesting  property  of  the  non-myelinated nerve  ending  is  also  dis- 
closed by the above results. Since after compression of the first node of Ranvier 
the only response to mechanical stimuli, however strong they are, is a generator 
potential, it may be concluded that the membrane of the non-mydinated ending 
is  incapable  of producing  an  all-or-nothing  type  of potential  when  stimulated 
mechanically. 
The duration and character of the refractory state of generator and regen- 
erative potentials are quite dissimilar. Thus it has recently become possible to 
produce  large  generator-like  potentials  unaccompanied  by  the  firing  of  re- 
generative  potentials,  by  stimulating  the  corpuscle  during  the  refractory 
period  of  the  regenerative  potential  (Loewenstein  and  Altamirano-Orrego, 
1958 b). Although the generator-like potentials thus obtained had all the char- 
acteristics of those generator potentials which are produced by subthreshold 
stimulation, direct evidence for their identity was still lacking. For instance, 
the graded generator-like response may have been a  special  type of response 
of the refractory node (c.f.  Grundfest,  1957 a).  The present set-up provided 
us with a means for eliminating this possibility. Two mechanical stimuli were 
successively delivered to  the  corpuscle.  The first produced  a  propagated  re- 
generative response, the second, falling during the refractory period of the first 
regenerative  potential,  produced  a  generator-like  response.  The  first  node 
of Ranvier was  then compressed  and  the  same  sequence  of stimuli applied. 
The  generator-like response  remained  unaltered,  while  the  first regenerative 
potential was abolished. This eliminates the node as a site for the production 
of the generator-like response. 
We  may therefore state  with  confidence that  the  generator-like potential 
produced during the refractory period of the regenerative potential, and the 
generator potential elicited by subthreshold stimulation do both arise at  the 
non-myelinated nerve terminal. Besides, since both potentials reveal the same 
properties, it seems safe to conclude that they are identical. W.  R.  LOEWENSTEIN  AND  R.  RATHKAMP  1257 
Compression  of  the  Non-Myelinated  Nerve Ending.--After  the  preceding 
results  the non-myelinated ending was left as the only possible site at which a 
generator  potential  could  be  originated.  In fact,  when  the  nerve  ending  was 
compressed  along all  of its  length,  no sign of generator potential  whatsoever 
could be detected  at  any stimulus  strength  (Fig.  7 f).  However, the integrity 
of the ending is not required  for the production of generator potentials.  Fig.  7 
a  b  c  d  e  f 
FIG.  7.  Mechano-responsiveness  after ,compression  of  the  non-myelinated  nerve 
ending.  A  mechanical stimulus  of constant subthreshold  strength  is  applied  to  the 
core of a decapsulated corpuscle producing in a, c, and e a generator potential. Lower 
beam signals  relative strength and duration  of mechanical stimuli; upper beam,  the 
electric activity of the receptor. The arrows (S) of the diagrams indicate the point of 
application of mechanical stimulus. The horizontal lines  across the terminal  (T) indi- 
cate the central boundary of compressed area. a, generator response of the intact nerve 
ending, b, after compression of a distal portion of ending, c, response after moving the 
stimulus  application  point  beyond  the  compressed  area.  d,  response  after  compres- 
sing a  zone located  centrally  with  regards  to  stimulus  application,  e,  after  central 
shift  of stimulus  application  point, f,  response  after  compression  of entire  length 
of ending.  Calibration,  1 msec; 25 pv. 
illustrates  an example,  a  shows the full  generator potential  of the intact end- 
ing  in  response  to  a  given  subthreshold  mechanical  stimulus.  In  b  a  distal 
portion of the nerve ending is compressed.  The  same  stimulus  as in a  is then 
applied  again at the same spot on the inner core as before.  It has now become 
ineffective  in  eliciting  a  detectable  generator  potential.  The  intact  central 
stump  continues  nevertheless  to  give  generator  potentials  when  stimulated 
mechanically.  If the  stimulating  stylus is  moved to another  spot on the core, 
so  that  the  same  stimulus  as  in  a  and  b  now  falls  onto  a  point  located 
centrally with  respect  to  the  compressed  nerve  area,  a  generator  potential  is 
again  recorded  (c).  The  procedure  can be  repeated  several  times  with  essen- 1258  MECHANO-RECEPTIVE  STRUCTURES 
tially  the  same results  (b-f).  By subdividing  the nerve ending in  this manner 
into various segments  (usually three)  it is shown that even less than one-third 
of the  total  length  of the  ending  is  enough  to  set  up  a  detectable  generator 
response  (e). 
A  few technical  comments on  the preceding experiments  seem necessary.  It was 
desirable  to keep  the  stimulus  as low  as possible,  since  effective spread  of stimuli 
beyond the  compressed area would have otherwise resulted  with  the use of greater 
stimuli.  Therefore,  preparations  were  chosen  which  gave  relatively large  generator 
potentials in response to small subthreshold stimuli.  Even so, we feared at first that, 
as  the  stimulating  stylus was  moved  from  one  spot  to  another  along  the  core 
surface, the actual deformation inside  the corpuscle, although resulting from exactly 
equal stylus deflections,  might vary enough so as to mask eventual positive results. 
Fortunately  the variations  thus  introduced  turned  out to be not critical,  and  clear 
results, like those illustrated in Fig. 7, were always obtained in decapsulated corpuscles. 
Less spread of mechanical stimuli invariably resulted in well decapsulated preparations 
presumably because the capsule  structure acts as a  distributing element of pressure. 
Besides,  the  effects of compression of the nerve ending were in  some cases reversible; 
the application point of the stylus could then be changed repeatedly before and after 
nerve compression, without interfering with the respective appearance  and disappear- 
ance of the generator response. 
A  striking  demonstration  of  mechano-responsiveness  of  fragmented  nerve 
endings can be made in "amputated" corpuscles. The corpuscle is cut through 
at right angles to its longitudinal  axis,  and the resulting portion is amputated 
(Fig.  8).  The corpuscle's central  remains continue to produce generator -, and 
eventually also propagated potentials  for some time.  Deterioration  then  takes 
place, however, very rapidly. 20 to 70 sec. after amputation,  all sign of electric 
activity in response to mechanical stimulation is gone. 
The  sites  at  which  the  nerve  terminal  was  compressed  or  cut  were  chosen 
without  reference  to  any particular  landmarks.  No  matter  where  the  cut  or 
compression  was  done,  or  how many  were  made,  the  intact  remains  of non- 
myelinated  terminal  in  connection  with  the  myelinated  axon  were  always 
capable of giving detectable generator potentials upon mechanical stimulation. 
This suggests that the generator potential  arises at membrane parts which are 
able to function independently of each other; and that these parts are scattered 
all  over the non-myelinated nerve ending.  The generator structure of the cor- 
puscle  resembles  thus  that  of the  end-plate  region of skeletal  musculature  in 
which  sharply  localized  active  membrane  spots  have  been  discovered  (Fatt 
and  Katz,  1952;  del  Castillo  and  Katz,  1956 b).  That  parts  of the  mechano- 
receptive structure of the corpuscle can be independently activated is further- 
more revealed by the type of experiment illustrated  in Fig.  7 a-c:  a  weak me- 
chanical stimulus elicits a generator potential only in that part of the myelinated W.  R.  LOEWENSTEIN AND  R.  RATHKAM~P  1259 
FIG. 8.  Mechano-reception in a  fragment of nerve ending. A suprathreshold me- 
chanical stimulus produces  a  propagated  potential on  top  of  a  distinct generator 
potential, a, in the intact corpuscle; b,  in the amputated corpuscle  after cutting off 
a  distal piece  of  corpuscle  which  includes a  stretch  of  non-myelinated ending of 
about  one-fourth of  the  ending's original length.  Calibration  1  msec.  Phase-con- 
trast  photomicrographs of  unstained preparations.  The horizontal line across  a  is 
due to the composition of two successive photomicrographs; the image of the entire 
corpuscle  was too large to fit into the photographic field. 1260  MECHANO-RECEPTIVE  STRUCTURES 
ending which lies in  the immediate vicinity of the point of application of the 
stimulus. This is clearest in preparations in which the peripheral  zone has been 
completely removed; the  generator response is  then  restricted  to  the  part  of 
the  ending lying immediately below the point of application of the stimulus. 
A  unit  arrangement  of  the  non-myelinated  ending  of  Pacinian  corpuscles 
has already been postulated  on the  basis of other  experiments  (Loewenstein, 
1958).  Generator units of spontaneously fluctuating excitability were proposed 
to form part of the ending's membrane. This hypothesis provides an explana 
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FIG. 9. The size factor of refractoriness  after resection  of capsule.  Two successive 
mechanical stimuli are delivered  to  the  corpuscle  at constant  interval.  The second 
stimulus is held at constant strength  while  the first (&)  is increased  in progressive 
steps. The relative height (G/Gm  X  100) of the generator potential (G) in response 
to  the second  constant stimulus is plotted against  the stimulus strength of $1. Gm 
has been arbitrarily chosen;  it  is  the  amplitude of generator potential  in  response 
to the second stimulus when  the first stimulus happens to be at its lowest strength. 
o-o,  data  from the  intact corpuscle;  I-e, data  from the  same corpuscle  but  after 
removal of peripheral capsular zone. 
tion for the spontaneous fluctuations in generator potential  and in  threshold; 
for  the  size  factor  of  refractoriness  (Loewenstein  and  Altamirano-Orrego, 
1958  b);  for  the  summation  of  iterative  generator  potentials;  and  for  the 
ability  of the  receptor  to  sustain  over prolonged  periods  a  high  level  of de- 
polarization when repetitively stimulated,  in contradistinction  to its inability 
to do so when single stimuli of indefinite  duration  are applied  (Loewenstein, 
1958). 
D.  The  Time and Size Factors of Refractoriness  of the Generator Potential after 
Removal of the Capsule 
A generator potential leaves a refractory state behind so that the amplitude 
of a  subsequent generator potential falling on its refractory trail is directly re- W.  R.  LOEWENSTEIN  AND  R.  RATItKAMP  1261 
fated to the time elapsed after the first (time factor of refractoriness), and in- 
versely to the amplitude of the first generator potential (size factor). The time 
and  size factors of refractoriness are found in  anesthetized  (Gray and  Sato, 
1953)  as  well as in unanesthetized corpuscles (Loewenstein and Altamirano- 
Orrego, 1958 b). The existence of a  refractory state related to the magnitude 
of the potentials marks a striking difference between the refractory conditions 
of the regenerative and generator potential. It has been explained on the basis 
of spatial  summation  of generator units  with fluctuating  threshold scattered 
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FIG. 10. The time factor of refractoriness  after resection of capsular  tissue.  Two 
successive  mechanical  stimuli  are  applied  at  varying  intervals.  The  interval  is 
plotted against  the relative height  (G/C-n ×  100) of the corresponding  generator 
potential  (G). Gn is the magnitude of the non-refractory generator potential,  o-o 
(left ordinates),  data  from an  intact  corpuscle,  o-o  (right  ordinates),  data  from 
the same  corpuscle, but after removal of peripheral capsular  zone. 
along the membrane of the non-myelinated nerve ending (Loewenstein, 1958). 
However, it may have been questioned whether the time and size factors were 
truly of nervous origin. The factors have been shown by letting a  second me- 
chanical stimulus fall 1 to 7 msec. after a  preceding one. If, for instance, the 
capsular tissue of the corpuscle were to behave so that, after deformation by the 
first stimulus, its recoil to rest position lags 1 to 7 msec. behind the off-deflec- 
tion of the stimulating stylus, a refractory-like condition could result. The pos- 
sibility thus existed that time and size factors were of mechanical origin. The 
decapsulated  receptor preparation  of  the  present  work  provided  a  suitable 
means for testing  this  possibility.  If  the refractory condition were really of 
mechanical origin, a progressive reduction of time and size factors should ensue 1262  ~[ECHANO-RECEPTIVE  STRUCTURES 
when the capsular tissue is progressively removed. Finally no refractory condi- 
tion at all is to be expected upon complete removal of the capsule. We com- 
pared the time and size factors at various stages of capsule removal. The time 
as well as the size factor was found to be present in the decapsulated receptor. 
In Fig. 9 an example is given. Two mechanical stimuli succeeding each other 
at a constant interval are delivered to the corpuscle. The first stimulus is pro- 
gressively increased; it produces a generator plus a regenerative potential. The 
second is held at constant strength, and, as it falls during the refractory period 
left by the first regenerative response, it elicits solely a  generator potential. 
The relative magnitude of the second generator potential is plotted against 
strength of the first stimulus which  in turn is a function of the resulting first 
generator potential. (For a  detailed description of procedure see Loewenstein 
and Altamirano-Orrego,  1958 b.)  The lower curve is from data of an intact 
corpuscle; the upper curve from a  corpuscle from which the peripheral zone 
has been stripped off. It can be seen that the size factor persists after elimina- 
tion of the capsule. 
In the same corpuscle, and at the same stages of dissection as before, the time 
factor was studied. Two successive stimuli of constant strength were applied 
at progressively increasing intervals. The relative magnitude of the generator 
potential  in  response  to  the  second  stimulus  was  plotted  against  stimulus 
interval (Fig. 10). The time factor is found to be present after decapsulation. 
The corpuscle's threshold rises after removal of its capsule. Larger stimuli 
had thus to be used in the decapsulated receptor than in the intact one. Each 
pair  of curves serves  therefore for qualitative comparison only, and neither 
the similarity of slopes of Fig. 9 nor the difference in slope of Fig. 10 is mean- 
ingful. The results merely reveal the existence of the time and size factors at 
any stage of dissection. They indicate that the generator potential has a  re- 
fractory state of truly nervous origin. 
DISCUSSION 
Absence of production of regenerative potentials appears as the most striking 
property of the non-myelinated ending. From  the present results it is  clear 
that when the activity of the first intracorpuscular node is blocked by pressure, 
the only responses of the receptor ending to mechanical stimulation are finely 
graded potentials. This contrasts with the all-or-nothing responsiveness of the 
adjacent node. However, the possibility had to be considered that in the pro- 
cedure of compression of the node, pressure might have spread  to  the non- 
myelinated ending and thus have interfered with the possible production of 
regenerative potentials at the ending. Control experiments were therefore done 
to  assess  the extent of pressure  spread.  Pressure was applied  to myelinated 
regions of the axon at varying distances from a node, and the maximal distance 
between node and application point of pressure at which blockage of the node's W.  R.  LOEWENSTEIN  AND  R.  P~THKAMP  1263 
regenerative potentials occurs was measured. It was found to  be 6  to  10 #. 
The average distance between non-myelinated ending and first node (250 #) is 
well beyond the reach of spread. The absence of regenerative responses at the 
ending can therefore not be due to spread of pressure. Further evidence for the 
peculiar behavior of the ending comes from other experiments. When conduc- 
tion of the intracorpuscular fibre is blocked by anelectrotonus (Diamond, Gray, 
and  Sato,  1956),  or when block of conduction occurs during the refractory 
state  of  the  regenerative  potential  (Loewenstein  and  Altamirano-Orrego, 
1958 b), the only responses which can then be elicited by mechanical stimula- 
tion of the receptor are finely graded potentials. The precise localization and 
the limits of the affected areas could not be assessed by these methods; it had 
to be assumed that the block occurred at the first node and that the nerve 
ending was left essentially unaffected by both anelectrotonus and refractori- 
ness. In view of the similarity with the present results, in which the blocked 
area could be precisely localized, it is now almost certain that the assumptions 
were correct. The non-myelinated nerve ending of the Pacinian corpuscle ap- 
pears to belong therefore to the group of excitable tissues such as the dendrites 
of crustacean stretch receptor nerve cells  (Eyzaguirre and Kuffier, 1955) and 
the  motor-end plate  of twitch  skeletal muscles  (cf.  del  Castillo  and  Katz, 
1956 a) which gives no evidence of regenerative potentials. 
The present experiments do not preclude the possibility of inner  core struc- 
tures participating in the transducer chain of mechano-reception. However, this 
seems unlikely, because it would involve such assumptions as an intermediate 
step(s)  of, for instance, chemical nature, between deformation and generator 
potential; there is no evidence for a chemical mediator. The simplest interpre- 
tation of our results would seem to be that the entire mechano-electric trans- 
ducer lies in the membrane of the non-myelinated ending. This touches the 
question of receptor specificity. Nerve fibers far removed from special  sense 
organs have been repeatedly reported  to  respond  to  mechanical stimulation 
(Tigerstedt,  1880;  Schmitz and Schaefer,  1933;  Blair,  1935;  Aird and Pfaff- 
mann, 1947). It is also known that the excitability of a nerve fibre may increase 
when the fibre is submitted to a constant pressure (Grundfest, 1936). But the 
energy requirements for mechanical excitation of fibres are so large if compared 
with those of mechano-receptors, and the electric activity of node and e/ading 
so different, that it seems doubtful that the same initial mechanisms of excita- 
tion are involved. It appears more likely that the receptor structure of the 
sensory ending is arranged  to  react rather  specifically with the  "adequate" 
stimulus. 
Whatever the mechanisms of mechano-electric conversion may be, the pres- 
ent results show that most of the corpuscle's non-nervous structure plays no 
active part in it. In the intact corpuscle the t~eripheral  zone of the capsule may 
act as  a  system which mechanically transmits  external  deformations to  the 1264  MECttANO-RECEPTIVE  STRUCTURES 
transducer, presumably located at the non-myelinated nerve ending. Whether 
this is accomplished by stretching (Adrian and Umrath, 1929), by compression 
and decompression of the ending, or by both (cf.  Gray and Sato, 1953) is not 
as yet clear. Besides, it seems likely that the capsule may normally work like 
a  damping system which protects the nerve ending from excessive pressures. 
Under the present experimental conditions the isolated intact corpuscle usually 
withstood relatively rough handling without giving signs of dysfunction. Never 
was damage caused to an intact corpuscle as a consequence of pressure applied 
to it by the piezoelectric stimulator, even when the greatest available deflec- 
tions of the crystal (45 #) were used for stimulation. On the other hand, the 
same  maximal  deflections  would  in  general  cause  irreversible  abolition  of 
mechano-responsiveness, when the capsule had been removed. Pacinian cor- 
puscles are widely distributed over regions subjected to relatively high pres- 
sures, such as the joints, and the skin of the palms of hands and feet. The 
capsule may there provide an effective protection for the nerve fibre. 
We take pleasure  in thanking Dr.  S. W. Kuffler and Mr.  G. Kerby for reading 
the manuscript,  and Mr. A. Toutin-Olliver for technical assistance. 
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